Phosphoglycerate kinase 1 (PGK1) has been demonstrated to be involved in radioresistance. The present study was designed to investigate the effect of PGK1 on the radioresistance in vivo. U251 glioma cells were transfected with the short hairpin RNA (shRNA)-PGK1 and pcDNA3.1-PGK1 using Lipofectamine 2000. The radiosensitivity of U251 xenografts was observed by tumor growth curve following radiotherapy. Quantitative PCR, western blot analysis and immunohistochemistry were performed to evaluate PGK1 expression in the xenografts from the different tumor models. The expression of PGK1 was maximally inhibited in response to shRNA4 at 24 h after the transfection in vitro. Tumor growth of the U251 xenografts was significantly inhibited following treatment with shRNA-PGK1 and radiotherapy. The expression of PGK1 in vivo at the mRNA and protein levels was downregulated by the treatment of shRNA1 when compared to levels following treatment with shNC and PBS after radiotherapy. The results showed that suppression of PGK1 enhanced the radiosensitivity of U251 xenografts and suggest that PGK1 may serve as a useful target in the treatment of radioresistant glioma.
Introduction
The annual incidence of gliomas which account for more than 50% of all brain tumors in adults is 6/100,000 (1) . Based on the histopathologic subgroups characterized by different levels of aggressiveness and malignancy, astrocytomas account for 60-70% of gliomas. Extensive surgical resection, which correlates with patient survival independently (2, 3) , followed by radiotherapy is one of the standard treatments for glioma. Yet, the prognosis remains dismal due to the ability of gliomas to infiltrate diffusely into the normal brain parenchyma, a direct consequence of the transformation into genetic higher-grade gliomas and recurrence (4) (5) (6) . As known, radioresistance is a common phenomenon in gliomas and, to date there are no valid biomarkers for evaluating radiosensitivity.
In fact, radiotherapy which relies on the generation of oxygen super-radicals, often fails to kill tumor cells, due to inadequate oxygen stress within the tumor cell mass (7, 8) . However, in tumor microenvironments where oxygen is scarce and glucose consumption is high, as within the expanding tumor mass, a metabolic pathway shift occurs in order to maintain local homeostasis. This phenomenon is known as the Warburg effect. Transcription of numerous enzymes such as phosphofructokinase-1 (PFK-1), lactate dehydrogenase (LDH) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is activated in the glycolytic pathway. Among these enzymes, PGK1, an ATP-generating glycolytic enzyme, plays a vital role. It catalyzes the transfer of a high-energy phosphoryl group from the acyl phosphate of 1,3-diphosphoglycerate to ADP to produce ATP. PGK1 has also been proven to have an increased expression level in many malignant tumors (9) (10) (11) (12) (13) (14) (15) (16) . The possible role of PGK1 in radioresistance has been previously studied. Data from our laboratory showed that expression of PGK1 is significantly upregulated in radioresistant astrocytomas and radioresistant glioma U251 cells (17, 18) . As an initial step toward identification of a clinically applicable method for regulating PGK1 for combination with radiotherapy, we investigated the effects of shRNA-PGK1 on the in vitro radiosensitivity of human glioma U251 cells (18) . Downregulation of PGK1 by shRNA combined with radiotherapy significantly decreased cell viability and reduced the ability of migration and invasion in U251 cells. This indicates that PGK1 may be closely associated with glioma radioresponse and may be a potential target with which to sensitize conventional radiotherapy. However, the exact effect of PGK1 on the radiosensitivity in vivo using animal models has not yet been clarified. To further evaluate the potential radioresistance of PGK1, we extended these in vitro results to an in vivo xenograft model. Mice bearing U251 xenografts were exposed to shRNA-PGK1 and the level of PGK1 was determined. Radiation was then delivered in a single exposure, and shRNA-PGK1 treatment resulted in a significant enhancement in tumor response. These findings suggest a possible approach for the rational design of a clinical protocol combining downregulation of PGK1 and radiotherapy.
Materials and methods
Cell lines and culture. Human U251 cells were obtained from KeyGen Biotech (Nanjing, China), and radioresistant U251 cells (RR-U251 cells) were established according to a previously described method (18) . The cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (both from Gibco-Invitrogen, Carlsbad, CA, USA), 100 U/ml of penicillin and 100 µg/ml of streptomycin in a 5% CO 2 humidified incubator at 37˚C.
Plasmid molecules and stable transfection in vitro.
The shRNA-PGK1 plasmid and the high expression plasmid pcDNA3.1-PGK1 were synthesized commercially by GenePharma Co. Ltd. (Shanghai, China). shRNA1 (5'-GCAAG GATGTTCTGTTCTTGA-3'), shRNA2 (5'-GCTCAACAAC ATGGAGATTGG-3'), shRNA3 (5'-GGATGTCTATGTCAA TGATGC-3') and shRNA4 (5'-GAAGATTACCTTGCCTGT TGA-3') were designed to target the coding region of the human PGK1 sequence (gene ID: 5230). A negative control shRNA-NC (5'-GTTCTCCGAACGTGTCACGT-3') was also obtained from Shanghai GenePharma. U251 cells were trypsinized and harvested from a monolayer to a cell suspension in DMEM containing 10% fetal bovine serum without antibiotics and allowed to seed overnight. When the cell confluency was 70-80%, complexes of shRNAs or pcDNA3.1-PGK1 duplexes and Lipofectamine 2000 (Invitrogen) were prepared as follows: 4 µg shRNAs or pcDNA3.1-PGK1 and 8 µl of Lipofectamine 2000 were diluted in 240 µl Opti-MEM I medium (Gibco) separately, and after 5 min standing at room temperature, gentle mixing was conducted. After a 20-min incubation of this mixture, the complexes were added to each well (final concentration for DNA plasmids was 2 µg/ml). The medium for transfection was replaced by complete medium at 6 h after transfection and observed under a fluorescence microscope (Axiovert 40 CFL; Carl Zeiss, Oberkochen, Germany) to observe the transfection efficiency at 24 h after transfection. The expression of PGK1 was analyzed, respectively, at 24 and 48 h after transfection. A control and a negative control were also placed in the 6-well plates. In addition, complete medium with G418 (400 µg/ml) (Keygen, Nanjing, China) was used to select the stable clones which were transfected with pcDNA3.1-PGK1.
Establishment of the nude mouse tumor xenograft models.
Male Balb/c nude mice, 6-8 weeks old, purchased from the Model Animal Research Center of Nanjing University, were used in the experiments. Mice were maintained under specific pathogen-free conditions at a constant room temperature and humidity and a 12-h light/dark cycle. Sterilized food and water were provided ad libitum. Animals were subjected to an adaptation period of 2 weeks before the experiments. Transplantable U251 cells, RR-U251 cells and cells stably treated with pcDNA3.1-PGK1 in log phase growth were collected. Then, the mice received subcutaneous (s.c.) implantation of the cells (3x10 7 ) which were diluted in 100 µl phosphate-buffered saline (PBS) containing 50% Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) by using 0.1 ml/inoculation in the lower back region of the mice.
Statement of ethics.
Animal studies were carried out in accordance with the US National Institutes of Health Guidelines and followed the rules of the National Animal Protection of China. The present study was approved by the Medical Ethics Committee of Nanjing Brain Hospital Affiliated to Nanjing Medical University (ethic no. 2011KY001). All efforts were made to minimize suffering and to reduce the number of mice used.
Delivery of shRNA in vivo and radiotherapy. When the s.c. tumors of the nude mice were ~60-80 mm 3 in size, shRNA-PGK1 (500 pmol/tumor, 25 µl injection volume) was slowly injected into the tumors at different sites. Then, the tumors were immediately electrically pulsed (electric field strength, 180 V/cm; pulse duration, 20 msec; pulse number, 6; frequency of pulses, 1 Hz) using Square Wave pulse (Ningbo Scientz Biotechnology, Ningbo, China) though 2 parallel stainless steel electrodes on each side of the long diameter of the tumor in situ. The negative control group was injected with shRNA-NC and the control group with PBS. Fifty-four nude mice were divided randomly and equally into 9 groups, and the groups were as follows:
U251+shNC; and viiii) overexpressed-PGK1 U251+PBS. Groups were administered the indicated treatment every 24 h for 14 days. After the first treatment, groups were treated with a dose of 5 Gy of radiation by a 60 Co source at 0.5 Gy/min for 10 min every 3 days until the cumulative dose of radiotherapy reached 20 Gy. The tumor size was measured every other day with calipers, and the tumor volume (V) was measured with all measurements in millimeters using the following formula: V = 0.523 x length x width 2 .
Real-time polymerase chain reaction (RT-PCR).
Total RNA was extracted from an equal number of cells in vitro and the tumor samples with the SV Total RNA Isolation System (Promega, Madison, WI, USA) according to the manufacturer's protocol and quantified by UV absorbance spectroscopy. RNA was reverse transcribed into cDNA with a reverse transcription system (Promega). mRNA expression was determined by RT-PCR using GoTaq ® qPCR Master Mix (Promega) under standard thermocycler conditions (Eppendorf AG 22331, Germany). The primers for human PGK1 were forward, 5'-ATGCTGAGGCTGTCACTCGG-3' and reverse, 5'-CACAGCAAGTGGCAGTGTCTCC-3'; and for GAPDH: forward, 5'-CGCTGAGTACGTCGTGGAGTC-3' and reverse, 5'-GCTGATGATCTTGAGGCTGTTGTC-3'. The amplification process was 95˚C for 2 min, then 40 cycles at 95˚C for 45 sec, 58˚C for 45 sec, 72˚C for 45 sec, followed by 72˚C for 10 min. The level of PGK1 expression in the different tumor groups was presented as the theshold cycle value. The level of PGK1 mRNA was normalized against the reference gene (GAPDH). Relative gene expression values were measured using the 2 -ΔΔCt method as following: Ratio = 2 -ΔΔCt where ΔCt = Ct PGK1 -Ct GAPDH , ΔΔCt = ΔCt experimental group -ΔCt control group .
Western blot analysis. Total protein was extracted from an equal number of cells in each group and an equal weight of tumor in each group with a mixture of RIPA lysis buffer (Thermo Scientific, Runcorn UK) for 30 min. Following centrifugation at 12,000 x g for 10 min at 4˚C, the supernatant was collected. All samples were diluted in loading buffer (Sunshine Biotechnology, Nanjing, China) and boiled for 3 min. Total protein (30 µg) was separated on 10% sodium dodecyl sulfate-polyacrylamide gel by electrophoresis (SDS-PAGE). The fractionated proteins were electro-transferred to a PVDF membrane (Sunshine Biotechnology). The membrane was blocked in 5% skim milk and probed with antibodies from mouse against human PGK1 (Abcam, Cambridge, MA, USA) diluted in TBST buffer (1:1,000) overnight at 4˚C. Then the membrane was incubated in the goat anti-mouse horseradish peroxidase (HP)-conjugated secondary antibody (1:10,000) for 1 h at room temperature. Immunoreactive bands were detected using ECL chemiluminescence reagent (Thermo Scientific) and visualized by the gel image analysis software.
Immunohistochemistry. Once the cumulative radiation dose reached 20 Gy, mice were euthanized and tumor issues were quickly excised. The tumors were fixed in neutral formalin solution and 4-mm sections were cut from each paraffin block. The sections were dewaxed in xylene and rehydrated, and an antigen retrieval step was carried out. Then, the sections were incubated in 3% H 2 O 2 in PBS for 30 min, and blocked in PBS containing 3% normal goat serum, 0.3% (w/v) Triton X-100 and 0.1% BSA (room temperature for 1 h), followed by incubation with the primary antibody mouse against human PGK1 (1:1,000) at 4˚C overnight. Subsequently, sections were developed with the ABC kit and detected by DAB (both from Vector Laboratories, Burlingame, CA, USA) . The sections were then counterstained with hematoxylin, dehydrated and mounted. The images were analyzed by Image-Pro Plus.
Statistical analysis. The analysis was performed using SPSS 13.0. Statistical significance was analyzed by the Student's t-test and the Mann-Whitney U test. Data are expressed as the means ± standard deviation (SD). p<0.05 was considered to indicate a statistically significant difference.
Results
Overexpression of PGK1 in human glioma cells. U251 cells were stable transfected with the pcDNA3.1-PGK1 plasmid, and visible green fluorescence was observed by fluorescence microscopy after transfection ( Fig. 1A and C) . The efficiency was ~85-90%. Two weeks after the screening, most cells were killed by G418 (400 µg/ml); only a small number of cells survived and formed clones ( Fig. 1B and D) . Stable clones were selected after 3 weeks. The mRNA and protein levels of PGK1 were upregulated in the U251 cells treated with pcDNA3.1-PGK1 as determined by real-time PCR and western blotting (Fig. 2) . The expression of PGK1 was significantly higher in the pcDNA3.1-PGK1 group when compared with the expression in the control group at the mRNA level (1.29±0.08 vs. 0.71±0.07, p=0.02) and at the protein level (2.28±0.09 vs. 1.55±0.11, p=0.02).
Selection of the most efficient shRNA specific to PGK1. Transfection of shRNA-PGK1 duplexes led to a stable exogenous gene expression with ~85-90% efficiency in the U251 cells; all four duplexes showed an inhibitory effect on PGK1 expression at the mRNA and protein levels (p<0.05) (Fig. 3) . In order to select the most efficient shRNA and the appropriate time point at which to effectively inhibit PGK1, we further analyzed the expression of PGK1 at the mRNA and protein levels at 24 and 48 h after transfection. Through pairwise comparison, we found that the expression of PGK1 inhibited by shRNA4 was significantly lower than that by the other 3 series.
The inhibition ratio of PGK1 expression was 50.80±5.12% at the 24-h time point and 35.35±5.62% at the 48-h time point at the mRNA level (p<0.05). The inhibition ratio of PGK1 expression was 51.32±4.70% at the 24-h time point and 36.56±5.48% at the 48-h time point at the protein level (p<0.05). The results showed that shRNA4 was more efficient in inhibiting PGK1 expression compared with shRNA1, shRNA2 and shRNA3 at the 24-h time point after transfection. Based on the results, Figure 3 . Selection of the most efficient shRNA and the appropriate time point. (A and B) PGK1 mRNA expression was detected at 24 and 48 h separately after transfection by 4 shRNAs (S1-S4) and the negative control (NC). (C and D) PGK1 protein expression was detected at 24 and 48 h separately after transfection by 4 shRNAs (S1-S4) and the negative control (NC). GAPDH and β-tubulin served as the loading control separately for RT-PCT and western blotting. Data are representative of three independent experiments ( * p<0.05). PGK1, phosphoglycerate kinase 1. shRNA4 transfection for 24 h was used for the following experiments aimed at determining whether shRNA enhances the radioresistance of PGK1 tumor xenografts.
Combination of shRNA-PGK1 with radiotherapy in the U251 xenografts. To investigate the functional role of PGK1 in glioma growth in vivo, tumors were measured every other day. The growth of xenografts was inhibited following treatment with PGK1-shRNA in the normal U251 group, RR-U251 group and overexpressed-PGK1 U251 group. Approximately 2 days after the first treatment, overexpressed-PGK1 U251 xenografts acquired a faster growth rate compared with the normal U251 and RR-U251 group tumors ( Fig. 4) . At day 14 post-treatment, regarding the PBS-treated groups, the tumor size in the RR-U251 group was much larger than that in the normal U251 group (232.9±18.6 vs. 181.7±22.2 mm 3 , p=0.002), and the tumor size in the overexpressed-PGK1 U251 group was also larger than that in the normal U251 group (329.6±20.6 vs. 181.7±22.2 mm 3 , p=0.000). Combination of shRNA-PGK1 and radiotherapy significantly decreased the The data indicate that high expression of PGK1 is correlated with enhanced ability of tumor xenograft radioresistance, and shRNA-PGK1 effectively enhanced the radiosensitivity of the U251 xenografts.
Furthermore, we assessed the quantity (means ± SD) of PGK1 expression by RT-PCR and western blotting as described in Materials and methods ( Fig. 4) . At the mRNA level, the data for the group treated by shRNA vs. shNC and PBS in the overexpressed-PGK1 U251 groups were respectively 13.25±1.15, 68.21±3.60 and 55.53±2.39; the data for the RR-U251 groups were 2.19±0.94, 16.25±1.33 and 20.72±2.17; the data for the normal U251 groups were 1.17±0.13, 2.66±0.23 and 2.732±0.12 (all p<0.05). While at the protein level, the data for the group treated by shRNA vs. shNC and PBS in the overexpressed-PGK1 U251 groups were respectively 1.89±0.09, 2.65±0.11 and 2.24±0.05; the data for the RR-U251 groups were 1.00±0.09, 2.65±0.06 and 1.95±0.08; the data for the normal U251 groups were 1.58±0.09, 2.68±0.14 and 2.69±0.18 (all p<0.05). Visually, xenograft tumor sections showed extensive PGK1 staining by immunohistochemistry ( Fig. 5) , confirming that shRNA downregulated PGK1 expression in the xenografts in all groups. As a result, shRNA-PGK1 significantly downregulated PGK1 in the U251 xenografts warranting additional investigation of its therapeutic potential in glioma in the clinic.
Discussion
One important multimodal treatment of gliomas, surgical removal of the tumor followed by radiotherapy, has improved the survival of glioma patients. However, the frequency of recurrence and rapid progression in patients emphasize the need for a major enhancement of therapeutic efficacy to achieve long-term survival without relying exclusively on uncertain resistance to radiotherapy. In our experiment, we evaluated the expression of PGK1 in specimens from different models of nude mouse tumor xenografts. To our knowledge, this is the first in vivo study that has shown the relationship between PGK1 regulation by shRNA and U251 xenograft radiosensitivity. Tumors with high PGK1 expression showed higher tumorigenic properties which is consistent with our previous study (18) . Notably, downregulation of the expression of PGK1 by specific small molecule inhibitors can significantly decrease the radioresistance and the progression of glioma.
It is important to note that cancer is not only a genetic disease, but is also a type of energy metabolic disease (19) . Warburg proposed that the primary cause of cancer is an energy deficiency even in the presence of a high O 2 concentration caused by an irreversible damage to the mitochondrial function that induces increased glycolysis which has been found in many cancers by fluorodeoxyglucose positron emission tomography (20, 21) . Despite the universality of PET, the study of the 'bioenergetic' basis behind this phenotype has not been examined clearly, frequently or commonly by the scientific community during the past several decades. As known, hypoxia mediated by the Warburg effect is an intrinsic factor to subsequent tumor development and is a prognostic variable for unfavorable outcome, as it provides the mechanisms by which tumors can selectively promote a more aggressive phenotype, recruit a nutritional supply, and provide essential metabolic adaptations to ensure survival. The tumor hypoxic microenvironment can trigger the altered metabolism of the molecular basis of malignant gliomas: the glycolytic enzymes. PGK1, as a vital glycolytic enzyme, plays a vital role and catalyzes the transfer of a high-energy phosphoryl group from the acyl phosphate of 1,3-diphosphoglycerate to ADP to produce ATP. In addition to our previous study (18) , Zhang et al also found that overexpression of PGK1 is related to increased necessity of energy in fast growing tumors due to protein synthesis and degradation pathways (22) . In the microenvironment, hypoxia augments the expression of key mediators, such as HIF-1, c-myc and MYCN, which have been related to PGK1 and resistance to radiotherapy (23) (24) (25) (26) . These factors can hasten the expression and the activity of PGK1. For example, PGK1 was induced by one of the above factors, HIF-1, a key transcription factor involved in glycolytic energy metabolism; its expression is correlated with treatment resistance and overall poor prognosis. HIF-1 can also promote the production of vascular endothelial growth factor (VEGF) which in turn stimulates both angiogenesis and glycolytic enzyme activity with the ability to facilitate anaerobic production of ATP (26) . Notably, a recent study also demonstrated that HIF-1 is not only induced by hypoxia, but also by glycolytic metabolites (27) . Thus, we hypothesized that the combinatorial effects of PGK1 and HIF-1 contribute to the poor sensitivity to radiotherapy. Downstream targets of PGK1, E-cadherin and β-catenin (13) , are reportedly associated with tumorigenic properties, including cell viability, migration, invasion and angiogenesis ability which further promote tumor radioresistance. This is consistent with our data of U251 xenografts showing that PGK1 is essential for increased tumor size and significant resistance to radiotherapy.
Furthermore, the accumulation of lactate which is the final product of glycolysis, increased by PGK1, may also facilitate radioresistance. Lactate production may be the result of a compensatory increase in the constitutive level of expression of glycolytic enzymes, leading to a high rate of glycolytic capacity (28) . Lactate is expected to lead to acidosis of the cell culture medium during hypoxia, resulting in glioma radioresistance. The hypothesis is consistent with a study by Hsu and Sabatini (29) who found that glycolysis pathway enzymes have an antagonized apoptotic effect which can lead to the tolerance to radiotherapy on apoptosis of malignant tumors. Moreover, lactic acid enables the tumor in an acidic tumor microenvironment to favor glioma invasion obtaining tumor immune escape by inhibiting lymphocyte function compared with the edge of glioma cells which can have relatively high oxygen content and make use of lactic acid for oxidative phosphorylation.
Ionizing radiation results in tumor DNA damage, mainly by double-strand breaks, making them unable to divide and grow (30) . As a result of the glycolysis of PGK1, it further affects DNA replication responses and the repair system (31) (32) (33) . The present study indicated that overexpression of PGK1 led to glioma radioresistance, which may also be due to the DNA damage repair ability of PGK1 and can be a serious hurdle to diminish susceptibility of the irradiated glioma cells to undergo apoptosis. This finally leads to the occurrence of tumor radioresistance and recurrence. Yet, addi-tional studies are needed to confirm this hypothesis with cell cycle checkpoint pathways which have been proven to play an important role in the development of radioresistance in tumor cells (34, 35) .
Overall, our results revealed that PGK1 is sufficient to promote radioresistance, and appropriate shRNAs can significantly downregulate PGK1 in U251 xenografts. This confirms our previous study that PGK1 can enhance radioresistance in clinical glioma and U251 cells in vitro. However, future investigation into the regulation of the enzymatic activity of PGK1 in additional tumor cell lines is critical. Among these tumor cell lines, neural stem cells (NSCs) have attracted more and more attention. The cells can act though the preferential activation of the DNA damage response, induction of cell cycle arrest and then repair of damaged DNA to improve radiation resistance (36) . Zieker et al (37) initially explained the relationship between PGK1 and stem cells in gastric cancer. Ultimately, based on a better understanding of the role of PGK1 in glioma progression and post-operative resistance, pharmacological agents designed as agonists of the silencing of PGK1 may slow tumor growth or may convert a therapeutically resistant tumor to one that is sensitive to treatment.
